Sagittae otoliths of eight juvenile species: Boops boops, Diplodus vulgaris, Diplodus puntazzo, Sarpa salpa (family Sparidae), Liza ramada, Liza aurata (family Mugilidae), Atherina boyeri, Atherina hepsetus (family Atherinidae) were analysed and compared using descriptive morphological characters and morphometric indices. The noticeable differences among the otoliths of the investigated species are in their overall shape, margins (i.e. irregular, sinuate or crenate) and anterior region. Otolith shape varied from elliptic to pentagonal in sparids, elliptic to rectangular in mugilids and elliptic in two atherinids. Aspect ratio (O W /O L ), ratio of the sulcus length occupied by the cauda length (C L /S L ) and ratio of the sulcus length occupied by the ostium length (OS L /S L ) were calculated for all species. The otolith contour was described using wavelets. The Canonical Analysis of Principal Coordinates (CAP) gave an overview of the otolith shape differentiation between eight juveniles. Using the Wavelet coefficients, the first principal component (CAP1) explained 58.1% of the variation among species and the second principal component (CAP2) 25.2%.
INTRODUCTION
The saccular otoliths (sagittae) display high specific interand intra-variability in shape and size. Therefore, they have been used as efficient tool for the identification of fish species (Tuset et al., 2008; Škeljo and Ferri, 2011; Bani et al., 2013; Jawad et al., 2017a) , populations (Bose et al., 2017) and stocks (Mendoza, 2006; Pothin et al., 2006; DuarteNeto et al., 2008) . Otoliths have been also applied in studies regarding ontogenetic processes (Capoccioni et al., 2011) , spatial and temporal migrations (Smith and Kwak, 2014) and fish age (Mendoza, 2006; Škeljo et al., 2015) , which has strong implications in fishery science and management (Vasconcelos et al., 2018) . Although the morphological variability is influenced by genetic factors (Vignon and Morat, 2010) , exogenous factors such as depth (Lombarte and Lleonart, 1993) , water temperature (Lombarte and Lleonart, 1993; Hüssy, 2008) , salinity (Capoccioni et al., 2011) and food supply (Gagliano and McCormick, 2004; Hüssy, 2008) also play a strong role in the otolith reshape (Vignon, 2012; Bremm and Schulz, 2014) . Given the importance and scientific relevance of the otoliths, the present study focuses on otolith morphology and morphometry in juveniles of eight fish species, belonging to 5 genera and 3 families that are ecologically an important part of the fish assemblages in the coastal eastern Adriatic areas (Dulčić et al., 2004) . Sagittae otoliths in adults of the investigated species have been studied in otolith atlases (Campana, 2004; Tuset et al., 2008) and the online otolith database AFORO (Lombarte et al., 2006 ) but data about otoliths in juveniles is still scarce. In general, juvenile otoliths tend to be relatively featureless, spherical or smoothly oblate in most species (Campana, 2004) , so as a result the diagnostic value of these structures is often low. However, considering the consequence of ontogenetic effects on otolith shape variability (Capoccioni et al., 2011) , it is important to analyse the otolith shape and size in both juveniles and adults when applying results from numerous otolith studies in fisheries science. Therefore, two specific objectives are set out: (i) general description of the otoliths of juveniles and (ii) morphometric and contour analyses of otoliths, as steps toward facilitated identification and separation of species. All presented results, including otolith images from the juveniles and Wavelet coefficients, can be an important aid in taxonomic, phylogenetic, palaeoichthyological and dietary studies.
MATERIALS AND METHODS
The juveniles of eight species belonging to the families Sparidae, Mugilidae and Atherinidae were collected in March 2013 and June 2014. A total of 130 specimens were caught on two localities in the coastal shallow waters in the eastern Adriatic Sea (43º 26' 20'' N; 16º 40' 32'' E and 43º 30' 28'' N; 16º 22' 57'' E) , using a beach seine (mesh size 4 mm). Fish species were identified based on the morphological and meristic characteristics (Jardas, 1996; Froese and Pauly, 2017) . For each fish, total length (L T ) was measured to the nearest 1 mm, body weight (W) to the nearest 0.1 g and the sagittae otolith pairs were removed, cleaned with distilled water and stored dry for later examination. Size ranges of all investigated juveniles are presented in Table 1 . Otoliths were described using the terminology proposed by Tuset et al. (2008) . They were photographed using a stereo microscope with an Olympus DP-25 digital camera attached. Otoliths were positioned with their rostrum to the left and images were taken on a black background in order to achieve good light contrast. Five morphometrical features were measured to the nearest 0.01 mm using Olympus cell^A Imaging Software: otolith length (O L ), otolith width (O W ), sulcus length (S L ), cauda length (C L ) and ostium length (OS L ). Otolith mass (O M ) was weighed to the nearest 0.0001 g. Differences between left and right otoliths were tested by paired t test. Three shape indices were also estimated: aspect ratio (O W /O L ; %), ratio of the sulcus length occupied by the cauda length (C L /S L ; %) and ratio of the sulcus length occupied by the ostium length (OS L /S L ; %). Moreover, the otolith contour was analysed using wavelets (Graps, 1995) , using the ShapeR software package (Libungan and Pálsson, 2015a) in the programming language R (R Core Team, 2014) . The analysis was performed following the procedure described by Libungan and Pálsson (2015b) : otolith outlines were automatically extracted from the images by the intensity thresholding (bright otolith against a dark background), and smoothed in order to eliminate pixel noise by calculating a weighted moving average over three successive coordinate points. After, they were automatically rotated and positioned horizontally along the longest axis of the otoliths, centred based on their centroid (the mean of the x and y coordinates of the outline), and their area was set equal in all (area = 1). In this way the otolith size and position and rotation during the photographing are standardized, allowing for unbiased comparison of their outline shape. When all the outlines were standardized in this way, they were transformed into 64 independent wavelet shape coefficients using Discrete Wavelet Transform. Initial point of the Wavelet analysis was the posterior margin of the otolith, to which 0° angle was designated, and it proceeded counterclockwise towards 360° angle (Fig. 1A) . The shape coefficients were standardized with fish length in order to adjust for allometric relationships. Coefficients which showed significant interaction (P < 0.05) between species and fish length were discarded. Remaining Wavelet coefficients were used to analyse the variation in shape among the species by ANOVA (Libungan and Pálsson, 2015b) , followed by the Canonical Analysis of Principal Coordinates (CAP) (Anderson and Willis, 2003) , both performed using the vegan package (Oksanen et al., 2013) . In order to estimate whether the otolith shape can be used to predict which species it belongs to, a linear discriminant analysis (LDA) was performed on the Wavelet coefficients, using the leave-one-out cross-validation procedure in the MASS package (Venables and Ripley, 2002) . The cross-validation procedure omits each observation one at a time, calculates the classification function using the remaining data, and then classifies the omitted observation. Based on the LDA, both overall and species-specific classification results are provided, allowing us to assess the use of otolith shape in species identification.
RESULTS

Morphologic variability
The shape of the otoliths in Boops boops, Sarpa salpa, Liza aurata, Atherina boyeri and Atherina hepsetus is elliptic, while they are pentagonal to elliptic in two Diplodus species and elliptic to rectangular in Liza ramada (Fig. 1A-H ). Margins and anterior region are very variable in the otoliths of analysed species and may help to differentiate juveniles. Margins varied between regular in otoliths of A. hepsetus to irregular in otoliths of all other species (Fig. 1A-H ). Irregularities such as sinuate to crenate margins were observed in Diplodus species, serrate margins in S. salpa, and crenate margins in L. aurata and A. boyeri. The anterior region in the otoliths, with rostrum and antirostrum in most juveniles, is changeable between peaked and round. The broad rostrum was characteristic in otoliths of the sparids, while peaked rostrum was observed in two atherinids. The antirostrum was always shorter than the rostrum and it varied in shape between complete absences or poorly developed or short and broad in otoliths of juveniles (Fig. 1A-H) . The ostium and sulcus acusticus in otoliths of all species were characterized to be funnel-like and heterosulcoid, respectively. On the other side, in otoliths of sparids, the cauda was posteriorly slightly curved, while it was tubular in Liza species and either tubular or straight in two Atherina species.
Morphometric variability
No significant differences in morphometric measures were found between left and right otoliths (paired t test, P > 0.05 for all measures), so mean values for each otolith pair were used in analyses. Otolith measures and values of all calculated indices of all investigated juveniles are presented in Table 2 and Table 3 , respectively.
Contour variability
From the 64 independent wavelet shape coefficients produced by the Discrete Wavelet Transform, 6 showed significant interaction between species and fish length, and were discarded. Remaining 58 Wavelet coefficients were used to analyse the variation in shape among the species. Most of the variation among investigated species can be traced to single otolith area, at 180° angle of the otolith outline (Fig. 2) which corresponds roughly to the anterior region (rostrum). (Fig. 1A) .
Since significant differences in the otolith shape of analysed species were found by ANOVA-like permutation test (P < 0.001, differences were tested by 1000 permutations), CAP was performed and the percentage of variance explained by each principal component is given in Table 4 . The first principal component (CAP1) explained 58.1% of the variation among species and the second principal component (CAP2) 25.2% (Fig. 3) . Two mugilids and A. boyeri differed from four sparids and A. hepsetus along the CAP1 and L. aurata and A. boyeri showed deviation from the other species along the CAP2. The overall classification success for 8 analysed species based on the LDA with cross-validation procedure was 80.8%. Species-specific classification success ranged from 45.5% for D. vulgaris to 100.0% for B. boops (Table 5) ..
DISCUSSION
TThe results indicate that otolith morphology presents a useful and informative character for identification and discrimination of the analysed species. The observed variations in sagittae shape, margins and anterior region among the studied juveniles prove that otoliths are species-specific. Overall morphology varied from elliptic to pentagonal in sparids, elliptic to rectangular, with a notch between rostrum and antirostrum in mugilids and elliptic, with round posterior zone in two Atherina species. Considering morphologic variability between ostium and cauda, caudal region seems to be more discriminant than ostium: the ostium is generally funnel-like and shorter than the cauda in all juveniles and the cauda is generally tubular and straight or more or less curved towards posterior otolith region. According to numerous studies, observed variations may be due to the differences in the habitat, preferred depth, availability of food, hearing ability (variability of the sensorial macula) and behaviour of the species (Lombarte, 1992; Paxton, 2000; Volpedo and Echevarría, 2003; Cruz and Lombarte, 2004; Montanini et al., 2015; Jawad et al., 2017b) . Further investigations of the ecology of studied juveniles are needed to prove and explain possible effects of diverse environmental factors on their otolith morphology. In comparison with available published morphologic descriptions of sagittae otoliths of adult species, the differences in otolith shape, outline, margins and regions of ostium and cauda between juveniles and adults were analysed. Comparison revealed that distinctive characteristics of the otoliths in the Sparidae adults, such as the presence of wide protuberance in the middle of the dorsal margins in Boops boops, crenate ventral margins in Diplodus vulgaris, irregular outline and margins in Diplodus puntazzo and sharp-end in the posterior otolith zone of Sarpa salpa, as reported by Tuset et al. (2008) , were not observed and present in otoliths of juveniles of the same species. In addition, posteriorly strongly flexed cauda was observed only in otoliths of adult mugilids while the anterior dorsal area was strongly developed only in adult Liza aurata otoliths (Tuset et al., 2008 Table 4 . Variance explained by principal components (CAPn). al., 2007) . In general, all variations between juveniles and adults were primarily observed in otolith outline, margins and sulcus area while its overall shape remained the same in different life stages. However, it should be emphasized that the observed variations, as a part of ontogenetic allometry, could also be due to the different habitats of compared fish species, as Tuset et al. (2008) analysed otoliths of the western Mediterranean and north and central eastern Atlantic fishes. The ability to identify species using sagittae morphometric indices has been proved for teleosts in general (Tuset et al., 2003; Ponton, 2006; Bani et al., 2013) . Evaluation of the calculated ratios confirmed variations in otolith characteristics among analysed species. In addition, aspect ratio values from this study correspond to the data provided for D. vulgaris, S. salpa and Atherina boyeri of the similar size (fish total length) on the online otolith database AFORO (Lombarte et al., 2006) . In comparison with available values for adult species (Tuset et al., 2008) , all juveniles except Liza ramada and A. boyeri had narrower ranges of these ratios. The Canonical Analysis of Principal Coordinates suggests that a reasonably high level of separation can be obtained for three species: L. aurata, L. ramada and A. boyeri, while all the other species together form a single group. The Wavelet transform used in this study provides a powerful alternative to the more commonly applied Fourier transform in shape analysis. While the Fourier transform provides functions in the form of sines and cosines, which are non-local and can therefore result in poor approximations of sharp edges, the Wavelet transform uses approximating functions that are contained in finite domains making them well-suited for approximating sharp edges (Libungan and Pálsson, 2015b) . The overall data in this study indicates that variations in otolith shape and size could be used as informative characters for identification of the analysed fish species. Moreover, the advantage of using otolith shape analysis in species identification is that they are cost-effective and only require otolith images from which outlines can be extracted and analysed with statistical software.
